Abstract. The classical adherens junction that holds epithelial cells together consists of a protein complex in which members of the cadherin family linked to various catenins are the principal components. ␦ -catenin is a mammalian brain protein in the Armadillo repeat superfamily with sequence similarity to the adherens junction protein p120 ctn . We found that ␦ -catenin can be immunoprecipitated as a complex with other components of the adherens junction, including cadherin and ␤ -catenin, from transfected cells and brain. The interaction with cadherin involves direct contact within the highly conserved juxtamembrane region of the COOH terminus, where p120 ctn also binds. In developing mouse brain, staining with ␦ -catenin antibodies is prominent towards the apical boundary of the neuroepithelial cells in the ventricular zone. When transfected into Madin-Darby canine kidney (MDCK) epithelial cells ␦ -catenin colocalized with cadherin, p120 ctn , and ␤ -catenin. The Arm domain alone was sufficient for achieving localization and coimmunoprecipitation with cadherin. The ectopic expression of ␦ -catenin in MDCK cells altered their morphology, induced the elaboration of lamellipodia, interfered with monolayer formation, and increased scattering in response to hepatocyte growth factor treatment. We propose that ␦ -catenin can regulate adhesion molecules to implement the organization of large cellular arrays necessary for tissue morphogenesis.
T HE development of tissue boundaries and the maintenance of tissue integrity require highly dynamic cell-cell and cell-matrix adhesion. Various types of adhesive junctions represent key modulators of these relationships, and during cell migration these structures must be able to mediate highly dynamic interactions among neighboring cells and between cells and the substrate. Within the adherens junction, proteins of the cadherin family, single membrane-spanning glycoproteins, directly anchor cell-cell contacts via Ca 2 ϩ -dependent homophilic interactions. Proteins with various numbers of cadherin extracellular tandem repeats comprise a superfamily which has achieved greatest diversity in the nervous system (reviewed in Uemura, 1998) . The classical cadherins, which include E-, N-, and P-cadherin (Marrs and Nelson, 1996) , all have a highly conserved cytoplasmic domain to which bind a set of associated proteins referred to as the catenins (Nagafuchi and Takeichi, 1988; Ozawa et al., 1989) . The catenins form a cytoplasmic plaque complex, which links classical cadherins to the actin cytoskeleton (Takeichi, 1991 (Takeichi, , 1995 Yap et al., 1997) . The adhesive activity of the junctions derives from both the cadherin ectodomain, which has weak intrinsic adhesive activity on its own (Brieher et al., 1996) , and the cytoplasmic domain, which significantly strengthens the homophilic interaction. Thus, one role of the conserved cadherin cytoplasmic domain is to bind to ␤ -catenin, which in turn binds to ␣ -catenin, and anchors the complex to actin filaments Hoschuetzky et al., 1994; Funayama et al., 1995; Jou et al., 1995; Rimm et al., 1995) .
Plakoglobin/ ␥ -catenin also binds directly to E-cadherin, as well as to desmosomal cadherins, and may compete with ␤ -catenin for binding (Mathur et al., 1994; Staddon et al., 1995) . ␤ -catenin and plakoglobin share a 42-amino acid repeated motif, the Arm repeat, originally described in the Drosophila segment polarity gene, armadillo (Riggleman et al., 1989) . A more distantly related protein, p120
ctn , also contains a series of Arm repeats and binds to cadherin (Reynolds et al., 1992 Shibamoto et al., 1995; Staddon et al., 1995) at a juxtamembrane site within the cytoplasmic domain of cadherin rather than the more distal site where ␤ -and ␥ -catenin bind (Ozawa and Kemler, 1998; Yap et al., 1998) . p120 ctn does not bind to ␣ -catenin (Daniel and Reynolds, 1995) and in nontransformed cells, only small amounts bind to cadherin (Shibamoto et al., 1995) .
␦ -catenin is a member of the p120 ctn subfamily, defined as proteins with 10 Arm repeats (in contrast to the 13 Arm repeats of ␤ -catenin) in a characteristic spacing and often with quite diverse NH 2 -and COOH-terminal sequences that flank the repeats (Peifer et al., 1994) . p120 ctn is the founding member of a subfamily of Arm repeat proteins (Peifer et al., 1994) , which include p0071 and the plakophilins, both components of the desmosome (Kapprell et al., 1988; Heid et al., 1994; Hatzfeld and Nachtsheim, 1996; Mertens et al., 1996) and ARVCF, a protein known only on the basis of its sequence (Sirotkin et al., 1997) . ␦ -catenin was discovered by its ability to bind to the loop region of presenilin-1 (Zhou et al., 1997) , which is encoded by the gene most commonly mutated in familial Alzheimer's disease Sherrington et al., 1995) . Independently, the same gene was cloned from a human fetal brain library using oligonucleotides deduced from a plakophilin 1-related expressed sequence tag, or EST (Paffenholz and Franke, 1997; Zhou et al., 1997) and termed NPRAP. Like other members of the subfamily, ␦ -catenin has greatest similarity with the Arm repeats of p0071 (69.3% identical), a desmosomal protein, and is somewhat less related to p120 ctn (48.0% identical). Both Northern blot and in situ hybridization studies showed that ␦ -catenin is almost exclusively expressed in the nervous system (Paffenholz and Franke, 1997; Zhou et al., 1997 ; Ho, C., Bhide, P., and Kosik, K.S., unpublished data).
We sought to determine whether ␦ -catenin is a cell junction-associated protein and may perform a morphoregulatory function. We demonstrated that ␦ -catenin colocalizes and interacts with adhesive junction proteins both in transfected cells and in mouse brain. Based on transfections in MDCK cells, the junctional targeting signal resides in the Arm repeats. Like p120 ctn , ␦ -catenin binds to the juxtamembrane domain on cadherins. Functionally, ␦ -catenin can prime MDCK cells for growth factor-stimulated cell motility.
Materials and Methods cDNA Cloning
In the region of the mouse ␦ -catenin start codon (Paffenholz and Franke, 1997) , a homologous human EST of 150 base pairs is in the database (GenBank accession number AA670399). This short sequence was used to design a sense primer which, together with an antisense primer from the previously known human sequence (Paffenholz and Franke, 1997; Zhou et al., 1997) , was used to amplify the human 5 Ј cDNA sequence by reverse transcriptase PCR. Total RNA from SH-SY5Y human neuroblastoma cells was isolated using the TRIzol Reagent system (GIBCO BRL). cDNA was synthesized from 1 g of total RNA with random primers and reverse transcriptase (Perkin-Elmer Corp.) according to the manufacturer's instructions. This cDNA was then used as a template in a PCR reaction using primers DC8 (5 Ј -GGTGCATGTTTGCGAGGAAGC-3 Ј ) and D1350-AS (5 Ј -ATGGGCGAGCTGGTGCTGTAGGAC-3 Ј ) for 30 cycles (94 Њ C for 30 s; 55 Њ C for 30 s; 72 Њ C for 1 min; and a final step at 72 Њ C for 10 min) in the presence of 5% DMSO. A fragment of ‫ف‬ 950 bp was purified using Wizard PCR Preps (Promega Corp.) and then cloned directly into pCR-II using the TA Vector kit (Invitrogen Corp.) and sequenced.
␦ -catenin cDNA was subcloned into the mammalian expression vector pcDNA containing the CMV promoter (Invitrogen Corp.). To visualize the ␦ -catenin distribution by direct fluorescent methods, ␦ -catenin and its truncated mutants were subcloned by PCR into pEGFP (CLONTECH Laboratories, Inc.). MDCK cells were transfected using Lipofectamine Plus (GIBCO BRL). The stable MDCK cells were selected and maintained in medium containing neomycin. Although the neomycin selection allowed us to obtain a population of cells, nearly all of which expressed ␦ -catenin, repeated passage of these cells resulted in a gradual reduction in ␦ -catenin expression.
Antibodies and Reagents
To generate antibodies specific for ␦ -catenin, a plasmid construct containing amino acids 434-530 from the NH 2 terminus was fused to glutathione transferase in pGEX-4T1 (Pharmacia Biotech, Inc.). Fusion protein was purified according to the manufacturer's instruction. Rabbits were immunized with purified fusion protein (Charles River Laboratories) and collected and tested. Immune serum was affinity purified by the removal of glutathione transferase followed by the further purification against ␦ -catenin amino acids 434-530 cross-linked to Actigel A resin (Pharmacia Biotech, Inc.). The final purified rabbit anti-␦ -catenin was designated rAb62. A second antibody, rAb64, was raised against amino acids 828-1022 of ␦ -catenin and was purified similarly. mAb specific for the intracellular domain of human N-cadherin was from Dr. K. Knudsen (Wynnewood, PA; Knudsen et al., 1995) . mAbs against ␤ -catenin, pp120, E-cadherin, and desmoglein were from Transduction Laboratories. Monoclonal and polyclonal antibodies against the COOH terminus of chick N-cadherin as well as monoclonal anti-uvomorulin (DECMA-1) were from Sigma Chemical Co. Unless otherwise indicated, all chemicals were from Sigma Chemical Co.
Cell Cultures and Immunohistochemistry
MDCK cells were grown on Nunclon plates (Fisher Scientific Co.) in MEM containing Earle's balanced salts solution and supplemented with 5% FCS, 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Hepatocyte growth factor (HGF) 1 was diluted to 100 ng/ml in serum free media (MEM supplemented with 2 mM glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin) and added directly to cells for 24 h. Nontreated cells were incubated with serum free media without HGF. Cells used for fluorescent studies were fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. Following staining, the cells were mounted and photographed using a Zeiss Axioskop equipped with epifluorescence. Slides were also viewed with a Zeiss MC100 immunofluorescence microscope equipped with a Biorad MRC-1024 Confocal Imaging System. After z-axial collection of images, the vertical and other morphometric analyses were performed with MetaMorph Imaging software system (Universal Imaging Corp.).
1. Abbreviations used in this paper: APC, adenomatous polyposis coli; BrdU, 5-bromo-2 Ј -deoxy-uridine; GFP, green fluorescent protein; HGF, hepatocyte growth factor; IP, immunoprecipitation; MF, ␦ -catenin-transfected MDCK.
Brain Tissue. For the mouse brain samples, mice were killed and brains removed and rinsed in PBS with 1 mM orthovanadate and 2 mM PMSF. The washed brain tissues were homogenized in buffer containing 50 mM NaCl, 10 mM Pipes, pH 6.8, 3 mM MgCl 2 , 0.5% Triton X-100, 300 mM sucrose, 1.2 mM PMSF, and 10 g/ml leupeptin, and spun at 5,000 g for 10 min at 4 Њ C to remove nuclei and cell debris. The supernatant was then spun a second time at 100,000 g for 10 min. The supernatant from this spin was collected as the postnuclear homogenate supernatant (PnH) and the pellet was resuspended in a buffer containing 15 mM Tris, pH 7.5, 5 mM EDTA, 2.5 mM EGTA, and 0.2% SDS as postnuclear Triton X-100 insoluble pellet (PnP). To obtain brain synaptosomal fractions, the post nuclear homogenates were placed onto a sucrose gradient and different fractions were collected. Synaptosomes were identified by the enrichment of synaptophysin. In all cases the amount of protein was determined using the BCA Protein Assay Kit (Pierce Chemical Co.).
Immunoprecipitations
The lysates for immunoprecipitation (IP) were precleared by incubating with protein A-Sepharose beads (for mAb IP, protein G plus protein A-agarose beads was used instead) followed by centrifugation to remove the beads. The supernatants were immunoprecipitated with specific antibodies for 1 h at 4 Њ C. The immunoprecipitates were captured by protein A-Sepharose (or protein G plus protein A-agarose beads for mAb IP) for an additional 2 h at 4 Њ C. Samples were washed sequentially with IP buffer (15 mM Tris, pH 7.5, 5 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 0.1% SDS, 120 mM NaCl, and 25 mM KCl), high salt buffer (15 mM Tris, pH 7.5, 5 mM EDTA, 2.5 mM, 1% Triton, 0.1% SDS, and 1 M NaCl), and a low salt buffer (15 mM Tris, pH 7.5, 50 mM NaCl, 5 mM EDTA). Immunoprecipitates were separated by SDS-PAGE and transferred to nitrocellulose membranes (PGC Scientifics) for immunoblotting. After blotting protein stainings were detected by enhanced chemiluminescence (Amersham Life Science) on X-OMAT film. When necessary, blots were stripped (100 mM 2-mercaptoethanol, 2% SDS, and 62.5 mM Tris-HCl, pH 7.6) for 30 min at 55 Њ C. The blots were then washed in TBS Tween 20 before reprobing with specific antibodies. Immunoblots were quantified with an AlphaImager ™ 2000 Documentation & Analysis System (Alpha Innotech Corp.).
Cell Proliferation Analysis
To measure the growth rate of cells, two methods were used. In one, ␦ -catenin-transfected MDCK (MF) cells and mock-transfected MDCK cells were plated at equal densities (500,000 cells/plate), grown for 2 d ( ‫ف‬ 60% confluency), and trypsinized. An aliquot was taken for counting the number of cells with a hemacytometer. Each set, either ␦ -cateninexpressing or mock-transfected cells, was counted eight times, and the mean number of cells calculated. The second method used a 5-bromo-2 Ј -deoxy-uridine (BrdU) Labeling and Detection kit (Boehringer Mannheim).
Cell Migration Analysis
To quantify the migration rate, a two-chambered system was used consisting of a smaller chamber placed inside a larger well from a 24-well plate (Costar Corp.). The inner, or upper, compartment was separated from the lower plate compartment by a 12-m filter. 5,000 cells were plated in the upper chamber overnight, then either allowed to grow for another day or treated with 100 ng/ml HGF for 48 h (Balkovetz et al., 1997) . Cells in the upper chamber were trypsinized and counted in a similar manner as used to measure the growth rate. Cells in the lower chamber were stained with Harris modified hematoxylin with acetic acid (Fisher Scientific Co.) and counted under the microscope using a hemacytometer. A ratio of the number of cells in the lower:upper chamber was calculated for each set to compare the migration rate of control cells to MF cells.
Yeast Two-Hybrid Analysis
These assays, as well as the vectors pCK2 and pCK4, are described in detail in Pai et al. (1996) . Briefly, the indicated portions of mouse E-cadherin or DE-cadherin were PCR amplified and cloned into pCK4 to produce a Gal4 transactivation domain fusion. A murine OB-cadherin clone (Tao et al., 1996) in the pYP16 vector was provided by Pierre McCrea. The entire Arm repeat region of ␦ -catenin (amino acids 532-1013) was cloned into pCK2 to produce a lexA DNA binding domain fusion. All constructs were confirmed by sequencing. The yeast strain L40 was transformed and selected for both plasmids on synthetic media lacking tryptophan and leucine. Liquid ␤ -galactosidase assays were carried out on at least six independent transformants in duplicate for each plasmid combination tested. ␤ -galactosidase activity was calculated in Miller units as described in Pai et al. (1996) .
Results

Structure of ␦ -catenin
We determined the complete sequence of human ␦ -catenin. It encodes a 1,225-amino acid protein with a predicted molecular weight of 132544.86 and a pI of 7.94 ( Fig.  1) . Mouse ␦ -catenin encodes a 1,247-amino acid protein that is highly related with 95% identity and 98% similarity (Paffenholz and Franke, 1997) . Neither initiator methionine fits very well with the Kozak consensus sequence (Kozak, 1986) for the initiation of translation. Within the eighth Arm repeat of the human sequence, the mouse has a 25-amino acid insert at position 879 which may represent alternative splicing. A significant portion of the molecular mass lies NH 2 -and COOH-terminal to the Arm domain of ␦ -catenin. These regions contain several potentially important consensus sequences. An analysis of the complete sequence was conducted using the software CANSITE 1.0 (http://himiris.bidmc.harvard.edu), which tests putative proteins against the results of a combinatorial peptide library for selectivity of phosphorylation by signal transduction kinases (Zhou et al., 1995) . The analysis revealed two potential Abl sites ( Fig. 1 ) and several potential Abl binding motifs with the sequence XPXXPP. We found that ␦ -catenin showed a very high probability of being phosphorylated by Abl at tyrosine residues 292 and 429, with a specificity predicted to be within the top 1% of Ͼ 2 million peptides tested. A polylysine stretch from amino acid 811 to 817 resembles a nuclear localization signal (Kalderon et al., 1984 ) and a polyproline tract, which is not present in p120 ctn , could serve as a profilin binding site (Perelroizen et al., 1994) .
We raised two antibodies directed against different ␦ -catenin epitopes. Both specifically recognized a single band at 160 kD in MDCK cells transiently transfected with a fulllength ␦ -catenin cDNA, but did not react with mock-transfected cells (Fig. 2 A) . Because ␦ -catenin is specifically expressed in the nervous system (Zhou et al., 1997) , postnatal day 2 mouse brain was also used for an immunoblot analysis. In this assay, ␦ -catenin migrated as a doublet at 160 kD (Fig. 2 A) . The retarded mobility of ␦ -catenin relative to its predicted molecular weight may be due to the presence of charge groups, posttranslational modifications, or an extended structure which affects its electrophoretic migration.
The Localization of ␦ -catenin Suggests an Association with Adhesive Junctions
␦ -catenin is preferentially expressed in brain, with the highest expression levels during brain development. We first sought to determine whether ␦ -catenin was localized to cell boundaries in the developing brain. Postnatal day 2 mouse brain sections were double labeled with rAb62 and mouse monoclonal anti-␤ -catenin (Fig. 3) . We concentrated on the neuroepithelial precursor cell population in the cortical ventricular zone where ␦-catenin staining was most intense and where junctional complexes are prominent. The staining was most intense at the apical end of these cells along the ventricular boundary. Consistent with the staining pattern, adherens junctions are known to be prominent along the lateral surface at the apical end of neuroepithelial cells (Hinds and Ruffett, 1971; Shoukimas and Hinds, 1978) . Deeper in the ventricular zone, ␦-catenin staining was less intense and outlined the cell periphery in a honeycomb pattern. Double labeled samples showed that ␦-catenin colocalized with ␤-catenin at points of cell-cell contact (Fig. 3 , B and C). Double labeling with anti-N-cadherin showed similar colocalization; anti-E-cadherin failed to demonstrate a neuroepithelial localization (data not shown). Although weaker than in the ventricular zone, neuronal staining was present throughout the nervous system as described in Paffenholz and Franke and Zhou et al. (1997) .
␦-catenin Forms Stable Complexes with Adhesive Junction Proteins
To characterize ␦-catenin in a defined culture system where adhesive junctions are prominent, ␦-catenin was transfected into MDCK epithelial cells and stable cell lines were established (see Materials and Methods). Anti-␦-catenin specifically labeled a single band at 160 kD (Fig. 2 , A, lane 2, and B). The proportion of ␦-catenin in the detergent-soluble pool increased when the Triton X-100 was increased from 0.2% to 1.0% (Fig. 2 , B and C). Although ␦-catenin was not soluble in cell lysates prepared in the absence of detergents, its solubility was nearly complete in . For ␦-catenin, the amino acids 532-1013 are boxed and correspond to the 10 Armadillo repeats. Two Abl tyrosine phosphorylation consensus sites (Y292 and Y429) are indicated by arrows. The small arrowhead with an asterisk indicates a 25-amino acid insertion site that was observed in murine ␦-catenin but not in human clones. Amino acids 811-817 represent a lysine rich motif that is a potential nuclear localization signal (NLS) sequence. p120 ctn has a similar, albeit somewhat weaker, potential NLS at amino acids 622-628. A partial human ␦-catenin cDNA sequence was previously published (Zhou et al., 1997) and the full-length sequence is now updated (GenBank accession number U96136). 1.0% Triton X-100. In contrast, ␤-catenin was only partially solubilized under these conditions (Fig. 2 C) . The extraction properties of ␦-catenin resemble those of p120 ctn which is also more soluble in 1.0% Triton X-100 than ␤-catenin as previously noted (Shibamoto et al., 1995) , but nearly insoluble under aqueous conditions. Interestingly, the expression of ␦-catenin did not drive more p120 ctn either to the Triton soluble (Fig. 2 C) or aqueous compartments as quantified by densitometry (data not shown).
To study the subcellular distribution of ␦-catenin, both transient and stably transfected MDCK cells were analyzed by immunofluorescent confocal light microscopy. rAb62 immunostaining showed that ␦-catenin was localized to the periphery of transiently transfected cells in a pattern suggestive of cell-cell junctions (Figs. 4 A and 5 A). Although less intense than the peripheral staining, labeling of the cytoplasm was above background (Figs. 4 A and 5 A) suggesting that in transfected cells, a cytoplasmic pool of ␦-catenin was also present. The pattern was reminiscent of the honeycomb pattern observed in the neu- roepithelium. The immunofluorescent staining was specific because rAb62 did not stain cell-cell junctions in those cells in the untransfected dish. Double labeling immunofluorescence microscopy experiments showed that ␦-catenin colocalized with E-cadherin (Fig. 4 , A-C) and ␤-catenin (data not shown). Because ␦-catenin shares significant homology with p0071, a desmosomal protein (Hatzfeld and Nachtsheim, 1996) , we compared the localization of ␦-catenin with both desmoplakin and E-cadherin (Figs. 4 and 5). MDCK cells were transiently transfected with ␦-catenin and double labeled with ␦-catenin antibodies and either desmoplakin or E-cadherin antibodies. In transfected cells, ␦-catenin codistributed with the adherens junction protein, E-cadherin in a thick band around the cell periphery, while neighboring untransfected cells retained a typical less intense junctional pattern of immunoreactivity (Fig. 4, A-C) . Double labeling immunofluorescent microscopy showed that ␦-catenin even colocalized with E-cadherin along cell processes (Fig. 4, A-C) . Because ␦-catenin-transfected cells are less flat than nontransfected MDCK cells, a z-series showed that ␦-catenin and E-cadherin also codistributed in the vertical axis (Fig. 4, D-F) . The greater intensity of E-cadherin staining in ␦-catenin-transfected cells suggested that the concentration of E-cadherin in the transfected cells increased (Fig. 4, A and B) . Densitometric measurement of protein profiles on immunoblots demonstrated a 30% increase in the E-cadherin level while p120 ctn and desmoglein levels did not significantly change (data not shown). Double labeling immunofluorescence with ␦-catenin and desmoplakin revealed a less close relationship (Fig. 5, A-F) . In ␦-catenin-transfected cells, the intensity of the desmoplakin immunoreactivity did not increase, and the pattern of desmoplakin labeling did not completely codistribute with ␦-catenin. Desmoplakin labeling did not extend into cell processes (Fig. 5 , A-C) and did not extend apically in the z-axis (Fig. 5, D-F) . These findings do not exclude any colocalization between desmoplakin and ␦-catenin, but they clearly point to a preferential cellular relationship to E-cadherin. ␦-catenin also did not colocalize with the tight-junction associated protein, ZO-1 (data not shown). We therefore concluded that exogenous ␦-catenin can be directed to the adherens junctions in MDCK cells.
Based on colocalization data we asked whether ␦-catenin interacts with the adherens junction proteins E-cadherin and ␤-catenin. In MDCK cells stably expressing ␦-catenin, coimmunoprecipitation experiments indicated that ␦-catenin coimmunoprecipitated both E-cadherin, ␤-catenin (Fig. 6 A) , and p120 ctn efficiently (not shown), but did not bring down desmoglein, which is abundantly present in MDCK cells and reacted with the desmoglein antibody (Fig. 6 A, lane 9) . We concluded that at most, only minimal amounts of ␦-catenin are associated with desmosomes. In reverse immunoprecipitation experiments, both ␤-catenin and E-cadherin coprecipitated ␦-catenin (Fig. 6 B, lanes 2 and 3) . The interaction between ␦-catenin and E-cadherin/␤-catenin was abolished in RIPA buffer that contained 0.2% SDS, although the coimmunoprecipitation of E-cadherin with ␤-catenin was retained (data not shown).
To determine whether endogenous ␦-catenin associated with cadherins, postnatal day 2 mouse brain was used for similar coimmunoprecipitation experiments. Mouse brain lysates were immunoprecipitated with rAb62. Both N-cadherin and ␤-catenin were present in ␦-catenin immunoprecipitants (Fig. 6 C, lanes 2 and 4) . ␦-catenin also cofractionated with N-cadherin when human brain tissue was homogenized and fractionated on a sucrose gradient to enrich for synaptosomes (Fig. 6, D-F) . Therefore, ␦-catenin is complexed with N-cadherin in a brain compartment that appears to be involved in cell-cell adhesion.
To determine whether the interaction between ␦-catenin and the cytoplasmic domain of cadherin involves direct binding, their interaction was assayed in the yeast two-hybrid system. A construct was prepared containing the full Arm repeat region of ␦-catenin, but lacking the NH 2 -and COOH-terminal domains. This construct specifically interacted with the full-length cytoplasmic tail of mouse E-cadherin (Fig. 7, A and B) . Different classic cadherins in both mammals and flies carry two blocks of conserved sequence in their cytoplasmic tails (Fig. 7 C) , a distal block which serves as the ␤-catenin/Armadillo binding site (Aberle et al., 1996; Pai et al., 1997 ) and a proximal region, which was recently discovered to bind p120 ctn (Ozawa and Kemler, 1998; Yap et al., 1998) . To begin to define the region required for ␦-catenin binding, we tested two additional constructs, one containing the membraneproximal region of mouse E-cadherin and the more distal region. ␦-catenin specifically bound the membrane-proximal fragment, and failed to bind the more distal fragment. Also, ␦-catenin did not bind to a truncated version of mouse OB-cadherin, which binds ␤-catenin (Tao et al., 1996) , but lacks the 66 amino acids immediately following the transmembrane region that include the conserved proximal region (Fig. 7) . We also tested whether ␦-catenin could bind to Drosophila E-cadherin, to see whether the conserved sequences were sufficient for interaction. The full-length cytoplasmic tail of Drosophila E-cadherin binds ␦-catenin, as do fragments containing the juxtamembrane region. The smallest interacting fragments of mouse E-cadherin and of Drosophila E-cadherin contain only the proximal 41 amino acids that include the highly conserved sequence YD(or E)D(or E)EGGGE (Fig. 7 C) . This suggests that like p120 ctn (Ozawa and Kemler, 1998; Yap et al., 1998) , ␦-catenin interacts with the conserved proximal region of the cadherin tail rather than the more distal site to which ␤-catenin and its fly homologue Armadillo bind (Aberle et al., 1996; Pai et al., 1997) .
The Arm Domain Is Necessary and Sufficient for Targeting ␦-catenin to the Adherens Junction
We generated a number of ␦-catenin deletion mutants to define the domains necessary for targeting ␦-catenin to the adherens junction (Fig. 8 A) . To visualize these deletion mutants directly following transfection, full-length and various mutant constructs were fused with green fluorescent protein (GFP) and subcloned into the pEGFP vector. Full-length ␦-catenin fused to EGFP showed a fluorescence distribution pattern that was identical to the antibody-labeling pattern of cells transfected with ␦-catenin alone (Fig. 8 B, panel c) . Although the primary site of ␦-catenin immunoreactivity is the cell-cell junction, im- munolabeling of cells also suggested a cytoplasmic pool. When both the NH 2 -and COOH-terminal extensions were deleted, leaving only the arm repeats, ␦-catenin maintained its localization to cell-cell junctions based on detection of the GFP marker (Fig. 8 B, panel d ) and on coimmunoprecipitation with E-cadherin and ␤-catenin (Fig. 8 C, lane 3) . A significantly reduced interaction was observed for those constructs with truncations in the Arm repeat region (Fig. 8 C, lanes 4 and 5) . Thus the armadillo repeat domain alone was sufficient for ␦-catenin localization to cell-cell junctions as is the case for ␤-catenin which requires only a portion of the Arm domain to bind cadherin and localize to adherens junctions (Funayama et al., 1995; Orsulic and Peifer, 1996) . These data are consistent with the two-hybrid analysis described above which also demonstrated that the ␦-catenin Arm domain was sufficient for interacting directly with cadherin.
Two additional GFP fusion constructs, both of which interrupted the arm repeats, were transfected. One of these (ARM/CT212) contained four COOH-terminal arm repeats and the more COOH-terminal sequence (Fig. 8 A) . This construct represents the fragment of ␦-catenin originally cloned from the yeast two-hybrid system using the presenilin loop region as the bait (Zhou et al., 1997) . This fragment, which can interact with presenilin, neither forms an immunocomplex with cadherin efficiently (Fig. 8 C,   Figure 7 . ␦-catenin interacts directly with the juxtamembrane region of cadherins in the yeast two-hybrid system. (A) Interaction of ␦-catenin with various cadherin fragments. The Arm repeat region of human ␦-catenin in the pCK2 "bait" vector was tested against pCK4 vector alone or with pCK4 fusions encoding the full-length murine E-cadherin cytoplasmic domain (pCK4 ME-CAD cyto), two complementary fragments of murine E-cadherin carrying either the membrane-proximal region (pCK4 MEC2) or the distal region with the ␤-catenin binding site (pCK4 MEC3), a COOH-terminal fragment of OB-cadherin not containing the juxtamembrane region (pCK4 OB-CAD CT), the entire cytoplasmic domain of Drosophila E-cadherin (pCK4 DEC), and smaller fragments of Drosophila E-cadherin as shown in B (pCK4 DEC 4, 14, and 15). (B) Schematic summary of the cadherin fragments and their interaction with ␦-catenin. (C) Sequence alignment of the cytoplasmic tails of mouse E-cadherin, mouse OB-cadherin, and Drosophila DE-cadherin. Above the sequences are shown the smallest fragment of mouse E-cadherin which bound ␦-catenin in the yeast two-hybrid assay, while below are diagrammed the amino acids missing from the OB-cadherin clone which does not bind to ␦-catenin. The ␤-catenin/Armadillo binding site is also indicated. lane 4), nor demonstrates a primary localization to cellcell junctions (Fig. 8 B, panel f) . Instead, it appears to have a more diffuse cytoplasmic distribution similar to that in the endoplasmic reticulum observed for presenilin (Kovacs et al., 1996) . A construct with the first six arm repeats plus the 181 residues NH 2 -terminal to the repeats (ARM/ NLS) localizes to nuclei (Fig. 8 B, panel e) . This construct has a putative nuclear localization signal within the sixth repeat. However, we have not yet identified physiologic circumstances that drive full-length ␦-catenin to the nucleus. Neither of these truncated proteins effectively coimmunoprecipitates with E-cadherin or ␤-catenin (Fig. 8 C,  lanes 4 and 5) .
␦-catenin Induces Morphological Alterations
MDCK cells transfected with ␦-catenin displayed an altered morphology. Transfected cells tended to lose their polygonal morphology and assumed either irregular shapes or an elongated fibroblastic appearance, sometimes with cell processes (Figs. 4 A and 5 A) . Cells stably transfected with ␦-catenin lost their organization as a regularly packed monolayer (compare Fig. 9 A, panels c and d) . Immunolabeling of the ␦-catenin-transfected cells showed that other major proteins of the adherens junction remained predominantly localized to cell-cell junctions (Fig. 9 A, c and  d; B, a-d) . Because ␦-catenin and p120 ctn both bind to the juxtamembrane region of cadherin, one might expect that their interaction with E-cadherin is competitive. However, in ␦-catenin-expressing cells p120 ctn retained its localization at the cell boundary (Reynolds et al., 1992; Fig. 9 B, c and d) . Although a few cells showed increased cytoplasmic p120 ctn staining after ␦-catenin transfection, the differences from controls were insignificant, and there was no increase in the soluble pool of p120 ctn (Fig. 2 C) . Furthermore, after ␦-catenin transfection there was no change in the amount of p120 ctn coimmunoprecipitated with E-cadherin compared to mock-transfected cells (see Fig. 11 A, lanes 1 and 2).
One explanation for the morphological changes was that ␦-catenin altered MDCK cell proliferation. To test this hypothesis, we measured growth rates for control and ␦-catenin-expressing cells. The growth rates of control and MDCK cells stably expressing ␦-catenin did not significantly differ (Table I) . To confirm this result BrdU incorporation into dividing cell nuclei was detected by a mAb specific for BrdU. Again, no significant difference was observed (Table II) . Therefore, we concluded that the expression of ␦-catenin does not significantly alter cell proliferation.
␦-catenin Primes Growth Factor-Induced Cell Spreading
Another explanation for the altered cell-cell relationships in transfected cells was that ␦-catenin conferred enhanced motility on the cells, perhaps by altering the composition of the wild-type junctions. To explore this possibility the transfected cells were treated with hepatocyte growth factor/scatter factor (HGF/SF) (Rosen et al., 1994; Balkovetz et al., 1997) in two cell dispersion assays. In one assay, 5,000 control or transfected MDCK cells were plated in the upper chambers of a two-chamber system overnight. The upper chambers were then transferred to another chamber in the presence or absence of HGF for an additional 2 d. HGF treatment induced the migration of control MDCK cells to the lower chamber. When those cells expressed ␦-catenin, a significantly greater number of cells migrated to the lower chamber compared to controls (Fig.  10 A) . In a second assay, the effect of HGF on the scattering of islands of MDCK cells was measured. In this dispersion assay, islands of ␦-catenin-expressing cells and control cells were treated overnight with HGF and immunostained with rAb62. ␦-catenin-expressing cells showed a greater degree of dispersion than control cells. Indeed, after HGF stimulation Ͼ78% of the ␦-catenin-expressing cells completely detached from each other, while only 17% of the untransfected cells reached the same stage of dissociation. Thus, ␦-catenin further stimulated HGFinduced cell scattering.
To determine whether HGF-induced a redistribution of junctional proteins including ␦-catenin, we treated mocktransfected and ␦-catenin-transfected MDCK cells with HGF. When ␦-catenin-transfected MDCK cells were stained with E-cadherin antibodies, the smooth honeycomb pattern of labeling in the periphery was lost, and the cell junctions appeared disrupted even among those cells which remained clustered (Fig. 10 C) . Comparable groups of mock-transfected MDCK cells retained their junctional relationships as visualized by E-cadherin antibody labeling (Fig. 10 B) . The disruption of the cell-cell junctions in this setting may be due to a reorganization of ␦-catenin induced by HGF. To determine whether ␦-catenin undergoes a shift in its localization following HGF treatment, we compared MDCK cells transfected with ␦-catenin in the presence or absence of HGF (Fig. 10, D and E) . Compared to untreated cells (Fig. 10 D) , ␦-catenin appeared to shift from a predominantly peripheral localization to a diffuse cytoplasmic distribution (Fig. 10 E) . Clustered cells appeared to lose the integrity of their cell-cell contacts as judged by a less smooth appearance of the pool of ␦-catenin which remained peripheral (Fig. 10 E) . Other cells which completely dissociated from their neighbors underwent radical morphological changes that included the elaboration of processes and flattened lamellar veils (Fig.  11 B) . In these dissociated cells ␦-catenin remained colocalized with ␤-catenin (Fig. 11 B, a and b ) and p120 ctn (Fig.  11 B, c and d) , even at the leading edge of the lamellae (see arrows). However, HGF made the dissociation from desmoplakin more apparent (Fig. 11 B, e and f).
Discussion
We have examined the cell biological and biochemical properties of a novel p120 ctn family member, ␦-catenin. Based on coimmunoprecipitations, immunolocalization, and expression studies, we show that there is a pool of ␦-catenin associated with adherens junctions. In contrast to the related protein, p0071 (Hatzfeld and Nachtsheim, 1996) , it appears that ␦-catenin is not a component of the desmosome. Although it was previously claimed that ␦-catenin (referred to as NPRAP, for neural plakophilinrelated arm-repeat protein) did not label cell junctions, no data were presented on this point (Paffenholz and Franke, 1997; Zhou et al., 1997) . Like p120 ctn (Ozawa and Kemler, 1998; Yap et al., 1998) , ␦-catenin binds to a site within a 41-amino acid juxtamembrane region on cadherins. This region contains the sequence DEGGGE conserved among mouse E-cadherin, OB-cadherin, N-cadherin, Xenopus C-cadherin, and Drosophila E-cadherin. ␤-catenin binds to a more distal site at the extreme COOH terminus. ␦-catenin can coimmunoprecipitate with ␤-catenin, as well as with cadherins, suggesting that all are part of the same higher order complex, but it is unknown whether a single cadherin molecule can simultaneously bind ␤-catenin and a p120
ctn family member such as ␦-catenin. Components of cell-cell junctions may also serve as determinants of cell shape and contribute to motile behavior (Reynolds et al., 1996; Barth et al., 1997b) . p120 ctn , originally defined as a tyrosine kinase substrate phosphorylated both by the activated form of Src kinase and rapidly phosphorylated in response to ligand-induced signaling (reviewed in Daniel and Reynolds, 1997) , also associates with classical cadherins (Reynolds et al., 1992 Shibamoto et al., 1995; Staddon et al., 1995) . Because p120 ctn is a prominent target of both nonreceptor and receptor tyrosine kinases (Daniel and Reynolds, 1997) , it has been suggested that p120 ctn may mediate some of the effects of oncogenic tyrosine kinases on cell behavior during transformation and growth factor receptors on cell morphology. Overexpression of p120 ctn can alter the morphology of some cells (Reynolds et al., 1996; Barth et al., 1997a) . Based upon consensus motifs, ␦-catenin is also predicted to be a tyrosine kinase substrate and ␦-catenin can alter cell morphology when coupled to a trophic stimulus. In our studies, the expression of ␦-catenin also significantly enhanced the scattering response to the receptor tyrosine kinase ligand HGF. Thus ␦-catenin appears to prime cells for morphogenic and motogenic behaviors. This observation suggests that an active form of ␦-catenin can be induced in cells and this active form may be a phosphorylated isoform.
The effects of ␦-catenin on cell morphology and motility support this view. The cytoplasmic domain of cadherin may regulate morphogenic events by selective binding at the distal site to ␤-catenin and at the juxtamembrane site to ␦-catenin or p120
ctn . The effects of each of these proteins when bound to cadherin, either alone or in combination, need to be systematically studied because a shift in their binding affinities can distort the phenotype. For example, an NH 2 -terminal deletion of ␤-catenin in MDCK cells results in a more fibroblastic appearance that is similar to the changes we observed when ␦-catenin was expressed in MDCK cells (Barth et al., 1997b; Pollack et al., 1997) . This mutant ␤-catenin is more stable in E-cadherin and adenomatous polyposis coli (APC) complexes. The regulation of cadherin cytoplasmic domain binding proba- bly contributes to the requirement for a migrating cell to become motile while retaining dynamic adhesive interactions with other cells and with the substrate. For example, the ras-induced tyrosine phosphorylation state of MCF-10A breast epithelial cells is thought to determine whether ␤-catenin or p120 ctn bind to cadherin (Kinch et al., 1995) . In this model, ras transformation increased tyrosine phosphorylation in the cells, bound p120 ctn to cadherin, and induced the loss of adherens junctions and the formation of focal adhesions. Further supporting a reciprocal balance between the expression of adherens junction proteins and proteins in focal adhesions is the increase in the ␤-catenin and cadherin concentrations of pheochromocytoma cells after suppression of the extracellular signal regulated kinases, which are downstream of ras (Lu et al., 1998) .
In the case of E-cadherin, the juxtamembrane region negatively regulates adhesion by preventing lateral dimerization of the extracellular domain (Ozawa and Kemler, 1998) . Therefore, molecules which bind to this site such as ␦-catenin are candidates for negatively regulating cell-cell adhesion. The effects of ␦-catenin on cell scattering meet the functional predictions for a molecule with this role in that cells detach and disperse. This response required HGF and therefore, ␦-catenin activation depends on upstream signaling elements. p120 ctn is also a candidate for a negative regulator of cell adhesion; however, there are some contradictory findings in the literature on this point. p120 ctn binds to the juxtamembrane region of C-cadherin, but in the experiments with C-cadherin, p120
ctn was thought to increase adhesive strength (Yap et al., 1998) . On the other hand, p120 ctn may not bind specifically to the juxtamembrane region, but to several sites on the E-cadherin COOH terminus (Ozawa and Kemler, 1998) .
Because ␦-catenin and p120 ctn both bind to the juxtamembrane region, it is possible that the phenotypic changes we have observed are due to displacement of p120 ctn from cadherin by ␦-catenin. We believe this is unlikely for the following reasons: (a) after ␦-catenin transfection we did not detect increased soluble p120 ctn ( Fig. 2  C) ; (b) after ␦-catenin transfection immunoprecipitable p120 ctn did not change ( Fig. 11 A) ; and (c) after ␦-catenin transfection the immunolocalization of p120 ctn did not change (Fig. 9 B, panels c and d) . What may explain how the two molecules bind to a nearly identical site, and yet not appear to displace each other? The most interesting explanation is that the expression of ␦-catenin upregulates the expression of cadherin making more binding sites available. The evidence for this is apparent in Fig. 4 where the ␦-catenin-transfected cells have increased cadherinlabeling relative to the nontransfected cells. Another possibility assumes that binding to sites in the juxtamembrane region is more difficult when cadherin is dimerized and ␦-catenin interferes with dimer formation, thus increasing the number of binding sites. Finally, p120 ctn may not bind exclusively to the juxtamembrane region (Ozawa and Kemler, 1998) and therefore, it may not directly compete for binding with ␦-catenin.
Even if ␦-catenin did displace p120 ctn , the MDCK cell may not be ideal for observing phenotypic changes due to p120 ctn overexpression. The phenotypic effects of p120 ctn are most apparent in cells of mesenchymal origin (Kinch et al., 1995; Reynolds et al., 1996; Barth et al., 1997a,b) , whereas the effects of ␦-catenin are most apparent in epithelial cells. In contrast to our observations in MDCK cells, transfections of ␦-catenin into fibroblasts showed only minimal effects on morphology (data not shown). Members of the Arm subfamily which bind to the juxtamembrane region of cadherin may represent a site where a cell implements its own specific morphological determinants. ␦-catenin shows neuronal specificity, p120 ctn is expressed more generally, and other members of this class with their own morphological determinants may emerge. Predicted from p120 ctn and ␦-catenin is the source of diversity which may arise from differences in the sequences that lie on either side of the Arm repeats. One function of the adherens junction is to link the cell surface with the actin cytoskeleton. ␤-catenin can serve this purpose by binding ␣-catenin which in turn interacts with actin either directly or indirectly (Jou et al., 1995; Nieset et al., 1997) . The relationship of the p120 ctn subfamily proteins to actin is more problematic because p120 ctn does not bind to ␣-catenin (Daniel and Reynolds, 1995) . ␦-catenin, however, contains a poly-L-proline stretch (Fig. 1) , not present in p120 ctn , which may represent a profilin-binding site and a link to actin filaments. Thus, the downstream links of p120 ctn and ␦-catenin may differ greatly.
A novel interaction of both ␤-catenin and ␦-catenin is with presenilin 1 (Zhou et al., 1997; Yu et al., 1998) , which is encoded by the gene most commonly mutated in Alzheimer's disease Sherrington et al., 1995) , and is localized to the endoplasmic reticulum (Kovacs et al., 1996) . The significance of this interaction in brain development or in Alzheimer's disease is unknown. Although fulllength ␦-catenin does not primarily reside in association with the endoplasmic reticulum where presenilin is resident, a potential site of residence may be revealed by the expression of a truncated protein. For example, when NH 2 -terminal deletions of ␤-catenin were expressed in MDCK cells the protein colocalized with APC, whereas full-length ␤-catenin failed to show this colocalization (Barth et al., 1997b) . In the case of ␦-catenin, NH 2 -terminal deletions revealed a potential for codistribution with the endoplasmic reticulum (Fig. 8 B, f) . Just as the ␤-catenin binding partners, which include cadherins, fascin (Tao et al., 1996) , APC (Rubinfeld et al., 1996) , and certain tyrosine kinase receptors Shibata et al., 1996) suggest a versatility of function, so ␦-catenin may engage in a variety of interactions through its rich content of functional domains.
To maintain tissue integrity, cells utilize cell-cell and cell-matrix junctions to create a highly ordered space-filling array. During development and in response to environmental stimuli, cells can alter their interactions with other cells and the substrate by detaching from their neighbors and migrating to other sites. In so doing adhesive junctions can accommodate both stable cell-cell interactions within established epithelia while accommodating cell rearrangement and cell migration. Ultimately, changes in either the composition of the proteins that make up the adherens junction or their posttranslational modifications are likely to play a pivotal role. ␦-catenin is a neuronal specific protein expressed at high levels in the ventricular zone (Fig.  3) , a neuroepithelial cell population destined to migrate tangentially and form the mature brain. A cautionary note is that ␦-catenin is a neuronal cell protein and there may be some functional differences in the epithelial cells used here. Within ␦-catenin is a consensus sequence for Abl phosphorylation, which functions as an in vitro substrate for Bcr/Abl (Lu, Q., and K.S. Kosik, unpublished observations). Among the genes associated with migration is the mouse disabled-1 gene (Howell et al., 1997b; Sheldon et al., 1997; Ware et al., 1997) which can associate with the nonreceptor tyrosine kinases, Src, Abl, and Fyn (Howell et al., 1997a) . Given the localization of ␦-catenin, its effects on cell scattering, and its putative relationship to nonreceptor tyrosine kinases, we hypothesize that ␦-catenin functions as a regulator of neuronal migration.
